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In this work, the effect of impact loading on mode I stationary crack tip ﬁelds in a three point bend FCC
single crystal fracture specimen is investigated using plane strain ﬁnite element analysis. The behavior of
the single crystal is assumed to be elastic-perfectly plastic. The main objective is to examine the role of
material inertia in inﬂuencing the stress levels as well as the pattern of slip and kink shear bands around
the tip. The results show that under quasi-static loading high stress levels prevail ahead of the notch tip.
However, the specimen suffers considerable loss of constraint under dynamic loading, particularly during
the initial stages. This increases with loading rate _J. Also signiﬁcant spread of the plastic zone occurs in
the forward sector ahead of the tip under impact loading which is akin to isotropic solids. The pattern of
shear bands around the tip in the single crystal also changes with impact velocity. In rate dependent sin-
gle crystals, a competition between rate sensitivity and material inertia is observed. Thus, while the for-
mer enhances the stresses near the tip, the latter tends to reduce them.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Accurate quantiﬁcation of crack tip ﬁelds helps both in effective
fracture mechanics based design of structural components and in
predicting their remaining service life. In addition, it can suggest
necessary process or material microstructure modiﬁcation to
improve formability of the materials like aluminum or magnesium
alloys. It must be noted that at present formability limits the usage
of these materials, particularly in automotive industries. The
factors that dictate the crack tip ﬁelds are type of loading,
geometry of the component or fracture specimen, rate of loading
and the behavior of the material.
Traditionally, crack tip ﬁelds are characterized by using a single
parameter such as the stress intensity factor (SIF) K or Rice’s energy
release rate J. However, McMeeking and Parks (1979) noted that
under large scale yielding in isotropic plastic solids the region of
J-dominance is much smaller than microstructurally relevant
length scale for certain ﬁnite width fracture geometries. In order
to eliminate this limitation of one-parameter characterization,
Betegon and Hancock (1991) and Al-Ani and Hancock (1991)
conducted plane strain modiﬁed boundary layer (MBL) analyses.
They considered a large semi-circular domain and prescribed the
displacement components based on K and the second term ofll rights reserved.
arasimhan).Williams’s (1957) asymptotic solution (which is governed by the
T-stress) at the outer boundary. They demonstrated that, with
the combination of K and T, the crack tip ﬁeld for bend and tension
dominated fracture geometries can be accurately reproduced.
However, O’Dowd and Shih (1992) argued that since K and T-stress
are based on linear elastic analysis, they cannot be applied under
large scale yielding. As an alternative, they proposed a two-term
characterization of the crack tip ﬁeld parameterized by J (through
the HRR solution, Hutchinson (1968) and Rice and Rosengren
(1968)) and Q, a constraint parameter. They further showed that
the difference stress ﬁeld with respect to the small scale yielding
solution (pertaining to T = 0), which is governed by the parameter
Q, is hydrostatic in nature and slowly varying function of distance
ahead of crack tip. In a later work O’Dowd and Shih (1994) demon-
strated the applicability of this two-parameter characterization to
different fracture geometries under quasi-static loading conditions.
Koppenhoefer and Dodds (1996), Basu and Narasimhan (2000)
and Jayadevan et al. (2002a,b) demonstrated that in isotropic plas-
tic solids a valid J–Q ﬁeld exists under mode I dynamic loading irre-
spective of the specimen geometry and loading rate. These studies
showed that a specimen which maintains high constraint under
quasi-static loading may exhibit progressive loss of triaxiality as
the loading rate increases. Biswas and Narasimhan (2002) reported
that this inertia-driven constraint loss may be responsible for the
experimentally observed enhancement in dynamic fracture tough-
ness of ductile materials (Owen et al., 1998). Jayadevan et al.
(2002b) found that strain rate sensitivity and material inertia have
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Consequently, strain rate sensitivity can profoundly inﬂuence the
variation of dynamic fracture toughness with loading rate for
cleavage crack initiation.
All of the studies reported above pertain to an isotropic mate-
rial obeying the von Mises yield condition. In reality, majority of
the components are made of polycrystalline alloys. In some special
applications like blades of high pressure turbines for aircraft en-
gines, single crystals of Ni-based superalloys are used. Ductile frac-
ture mechanisms involve void nucleation, growth and coalescence
with each other or with a nearby crack tip. In polycrystalline mate-
rials, voids nucleate due to brittle cracking of the second phase
particles or due to decohesion at the particle-matrix interface
(Stone et al., 1985; Garrison and Moody, 1987). The size of these
particles may be very small compared to that of a grain in a poly-
crystal and thus they may be fully embedded inside a single grain.
Moreover, when the crack opening displacement is very small, it is
reasonable to assume that the inﬂuence of the surrounding grains
on crack tip ﬁelds of a polycrystal is minimal. Thus, considerable
insights can be gained by investigating the crack tip ﬁelds and duc-
tile fracture mechanisms under different loading conditions in a
single crystal.
Rice (1987) ﬁrst proposed an asymptotic solution quantifying
the crack tip ﬁelds for FCC and BCC single crystals. His chosen ori-
entations for FCC single crystal were such that in one case, the
crack plane coincides with crystallographic (101) plane and
the crack front lies along ½101 direction. In the other orientation,
the crack plane is parallel to crystallographic (010) plane but the
crack front still lies along ½101 direction. He considered these
particular crack orientations because they have been frequently
observed to occur in experimental studies (Garrett and Knott,
1975; Neumann, 1974). He assumed perfectly plastic single crystal
constitutive response and showed that the crack tip stress ﬁeld
consists of several constant stress sectors separated by discontinu-
ities which correspond to kink or slip shear bands. In a later work,
Saeedvafa and Rice (1989) proposed a HRR-type crack tip solution
corresponding to the same orientation as in Rice (1987) for FCC
single crystal with Taylor power law hardening. Subsequently,
Cuitino and Ortiz (1996) considered diagonal (power law) harden-
ing and derived similar solutions as in Saeedvafa and Rice (1989)
for crack tip ﬁelds in FCC single crystal.
The above analytical studies motivated several researchers to
undertake detailed ﬁnite element and experimental investigations
to validate the proposed asymptotic crack tip ﬁelds (Rice, 1987;
Saeedvafa and Rice, 1989). Rice et al. (1990) analyzed these ﬁelds
from small strain ﬁnite element simulation under the assumption
of plane strain conditions and ideally plastic material behavior.
These results are in good agreement with Rice’s (1987) asymptotic
solution. However, the experimental investigations by Crone and
Shield (2001, 2003) and Crone et al. (2004) in FCC single crystal
could not establish the presence of kink shear bands above and be-
low the crack tip as predicted by Rice (1987). Consequently, Crone
and Drugan (2001) and Drugan (2001) proposed alternate asymp-
totic crystal plasticity solutions to that given by Rice (1987). In
their solution structure, kink sector boundaries (especially the
one at 90 to the crack line) are not present, but instead elastic sec-
tors are incorporated in the near-tip ﬁeld. Interestingly, in a recent
work, Patil et al. (2009b) performed in-situ EBSD mapping of a
three point bend (TPB) aluminum single crystal fracture specimen
and found the occurrence of these kink shear bands. It must be
mentioned that all the above studies are limited to high constraint
single crystal fracture geometries only.
Patil et al. (2008b, 2011) systematically examined constraint
loss in a ductile FCC single crystal and the validity of a two-param-
eter (J–Q) type description of the near-tip ﬁelds using a modiﬁedboundary layer (K–T) formulation. Their results showed that an
imposition of negative T-stress dramatically lowers the stresses
all around the notch tip. Further, the near-tip stress distributions
obtained from their work conﬁrmed the presence of elastic sectors
as suggested by Drugan (2001). However, the trajectories in stress
plane as the crack tip is traversed in the anti-clockwise sense did
not agree with those assumed by Crone and Drugan (2001) and
Drugan (2001). This prompted Patil et al. (2009a) to propose two
families of solutions having high and low stress triaxiality. The loci
in stress plane determined from these analytical solutions corrob-
orate well with those obtained from quasi-static boundary layer
simulations. Further, Patil et al. (2009a) showed that the near-tip
angular stress variation corresponding to each member of the
two families agrees well with the results of ﬁnite element simula-
tions for a certain value of T-stress.
Patil et al. (2008b, 2011) also found that the slip and kink shear
band patterns near the notch tip are strongly inﬂuenced by the
constraint level. Indeed, experimental investigations by Patil
et al. (2008a, 2009b) using low constraint single edge notch (ten-
sion) and high constraint three point bend specimens of alumi-
num single crystals have conﬁrmed the occurrence of these
bands near the tip. Arakere et al. (2005, 2009) also examined
the structure of near-tip ﬁelds in FCC single crystals of superal-
loys. Their study highlighted the inﬂuence of elastic anisotropy
on these ﬁelds.
It is clear from the above review that the structure of elastic–
plastic crack tip ﬁelds under quasi-static loading in high and low
constraint geometries is well understood. However, under dynamic
loading, all the studies that have been undertaken (Koppenhoefer
and Dodds, 1996; Basu and Narasimhan, 2000; Jayadevan et al.,
2002a,b) are restricted to isotropic plastic solids obeying the von
Mises yield condition. An interesting observation made from these
studies (Basu and Narasimhan, 2000; Jayadevan et al., 2002a) is
constraint loss under dynamic loading may occur even in fracture
geometries that display high constraint under quasi-static loading.
It is important to examine whether anisotropic plastic solids, espe-
cially ductile single crystals, display similar behavior under high
loading rates. Another issue that warrants close investigation, in
the context of the ﬁndings of Patil et al. (2008b) is the inﬂuence
of loading rate on the distribution of plastic slips near the crack
tip and the occurrence of kink and slip shear band patterns. This
becomes signiﬁcant owing to the recent observation by Zhai
et al. (2000), Duber et al. (2006) and Blochwitz et al. (2008) that
fracture in polycrystals is dictated by the plastic slip in individual
slip system. Thus, an understanding of the stress and plastic slip
ﬁelds will in turn provide insights about the cleavage and ductile
fracture response of single crystals.
The objective of this work is to analyze these ﬁelds near a notch
tip in a three point bend aluminum single crystal fracture speci-
men. The analyses are conducted using 2D plane strain, ﬁnite ele-
ment simulations for both quasi-static loading and dynamic
loading using different impact speeds. Since the main focus of this
investigation is on inﬂuence of material inertia, most of the simu-
lations have been performed assuming a non-hardening response
and a very low value of strain rate sensitivity index. Further, atten-
tion is mostly focussed on the lattice orientation considered by
Rice (1987). However, in order to assess the effect of rate sensitiv-
ity and lattice orientation, some additional simulations are also
performed. The results of the present study show that while the
single crystal TPB specimen displays high constraint under quasi-
static loading, it experiences progressive constraint loss with in-
crease in loading rate _J during early stages of dynamic loading. This
is also reﬂected in the nature of the plastic slip ﬁelds around the
notch tip. However, under low _J, it is found that the specimen re-
gains high constraint at later stages of loading.
Fig. 1. Schematic diagram of the notched three point bend specimen along with the
coordinate system and the traces of the slip systems on specimen surface pertaining
to the primary orientation analyzed in this work. Due to mode I and crystallo-
graphic symmetry , only half the specimen is modeled with symmetry conditions
applied on the X2 = 0 line for this orientation. The second orientation considered in
this study is realized by rotating the crystal through an angle a = 19.5 about the
normal to the plane of deformation which is ð10 1Þ.
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The single crystal plasticity model proposed by Asaro (1983) is
employed in this work. The multiplicative decomposition of the
deformation tensor F is assumed such that
F ¼ FFp: ð1Þ
Here, elastic stretching and rotation is represented by F⁄, while Fp
constitutes the plastic part of deformation due to slip in the various
slip systems. The evolution of Fp is given by
Lp ¼ _FpFp1 ¼
Xn
a¼1
_cama; ð2Þ
where,
ma ¼ Sa  Na: ð3Þ
In the above equations, _ca and ma represent the slip rate and the
plastic ﬂow tensor or Schmid tensor, respectively, in slip system a
and n is number of slip system. Also, Sa and Na are the slip direction
and slip plane normal for slip system a in the reference
conﬁguration.
Assuming the elastic strains to be small, the Jaumann rate of
Kirchhoff stress based on lattice rotation is related to the elastic
part of rate of deformation tensor through the elasticity tensor.
Further, this relationship is assumed to be isotropic in the present
work for the sake of simplicity. This assumption is justiﬁed for alu-
minum single crystals which do not show pronounced elastic
anisotropy. A non-linear viscous equation of power law form (Pei-
rce et al. (1983); Cuitino and Ortiz (1992)) is adopted in this work.
Thus,
_ca ¼ _co saspa
 1
m
; ð4Þ
where, _ca and sa are the slip rate and resolved shear stress on slip
system a, _co is a reference strain rate and spa is the current strength
of the slip system a. In this analysis, the single crystal is assumed to
be elastic-perfectly plastic so that spa  so, where so is the initial slip
resistance. The values of _co, so, Young’s modulus E, density q and
Poisson’s ratio m are taken as 0.1, 10 MPa, 70 GPa, 2700 kg/m3,
and 0.3, respectively, so that they are representative of aluminum
single crystals (Patil et al., 2008a). Also, as already mentioned, since
the main focus of this investigation is on inﬂuence of material iner-
tia, most of the simulations have been performed assuming a very
low value of m = 0.01. However, in order to assess the effect of rate
sensitivity some additional computations are performed by choos-
ing m = 0.1.
The above material model is implemented in the general pur-
pose ﬁnite element code FEAP (Zienkiewicz and Taylor, 1989)
using the rate tangent method to update stresses and internal vari-
ables (Peirce et al., 1983).
3. Finite element model
A schematic diagram of the three point bend specimen geome-
try along with boundary conditions used in the analysis is shown
in Fig. 1. A cartesian coordinate system is chosen such that its ori-
gin O coincides with the center of curvature of the notch and X1-
axis is along the crack propagation direction with X2-axis perpen-
dicular to the notch line. Due to mode I symmetry and also since
the slip systems are symmetric with respect to the notch line for
the primary lattice orientation considered in this study which is
indicated below, only half the specimen is modeled. Symmetry
conditions are imposed along the X2 = 0 line as shown in Fig. 1.
However, it must be noted that for the second crystal orientationanalyzed here, the slip systems are not symmetric with respect
to the notch line and hence the full specimen is modeled. The
half-length L of the specimen is taken as 80 mm and width W as
40 mm. The uncracked ligament length is represented by co, with
the ratio co/W assumed as 0.5. The above dimensions were chosen
to be representative of three-point bend geometries tested with
servo-hydraulic and drop-weight loading machines. Thus, the span
to width ratio of 4 and crack length to width ratio of 0.5 conform to
the ASTM requirements. Further, the radius of the notch b0 is taken
as 0.025 mm.
The displacement U(t) is prescribed in the negative X1-direction
at point A in both quasi-static and dynamic analyses. Motivated by
the work of Needleman and Tvergaard (1991), U(t) is assumed in
the dynamic analyses to be of the following form:
UðtÞ ¼
Vot2
2t for t 6 t
;
Vo t  t2
 
for t > t:
(
ð5Þ
Here, t⁄ is the rise time and Vo is the terminal impact velocity. In the
dynamic analyses reported here, t⁄ is taken to be 10 ls. Several trial
simulations were conducted to obtain different J-evolution histories.
It was found that by restricting attention to Vo between 1 m/s and
4 m/s, a reasonable range of loading rates (as characterized by _J)
could be generated in order to assess the role of material inertia
on the crack-tip ﬁelds. It was also noted from the trial simulations
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Fig. 2. Evolution histories of the normalized energy release rate J/(soc0) corre-
sponding to different impact speeds for m = 0.01.
Table 1
Different loading histories considered in the analyses and the corresponding average
_J.
Orientation m Vo (m/s) _J (N/(mm-s))
a = 0 (Primary) Static –
1 0.7  104
0.01 2 2.5  104
3 3.4  104
4 3.7  104
a = 0 (Primary) 0.5 (QS) 0.4  104
1 0.8  104
0.1 2 2.6  104
3 4.0  104
4 4.8  104
a = 19.5 Static –
0.01 2 2.5  104
4 3.7  104
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ing Vo > 4 m/s. On the other hand, this gave rise to substantial plastic
zone development near the impact zone causing the global bending
ﬁelds to inﬂuence the stress distribution near the tip.
The primary orientation of the single crystal considered in this
study is such that the crack propagation direction, which is also X1-
direction (see Fig. 1), coincides with the crystallographic [101]
direction and the planar surface of the notch lies on crystallo-
graphic (010) plane. As mentioned by Rice (1987), this particular
crack orientation is of importance because it has been frequently
observed to occur in experimental studies (Garrett and Knott,
1975; Neumann, 1974). However, in order to understand the effect
of lattice orientation on the near-tip plastic strain and stress ﬁeld,
computations have also been performed for another orientation
which was realized by rotating the crystal in a clockwise sense
through an angle a = 19.5 about the normal to the plane of defor-
mation which is ð10 1Þ. For this orientation, the crack propagation
direction coincides with the crystallographic [212] direction and
the planar surface of the notch lies on crystallographic ð1 41Þ plane.
This conﬁguration has also been considered by other investigators
in the context of quasi-static loading (for example, by Crone et al.,
2004). In the sequel, this orientation will be referred as a = 19.5.
Under the assumption of plane strain conditions, only three pairs
of slip systems can be active in these orientations (Rice, 1987).
These are (i) ð111Þ½1 10 and ð111Þ½0 11, (ii) ð1 11Þ½110 and
ð1 11Þ½011, (iii) ð11 1Þ½101 and ð111Þ½101. In the subsequent
discussion, these pairs will be referred to as S1, S2 and S3, respec-
tively. The traces of these three effective slip systems on the plane
of deformation are shown in Fig. 1 corresponding to the primary
orientation.
A 2D plane strain ﬁnite element procedure is employed in this
work. It is based on updated Lagrangian formulation which ac-
counts for ﬁnite deformation and rotation. The ﬁnite element mesh
used in this analysis for modeling the upper-half of the specimen
consists of 3384 four-noded quadrilateral elements and 7058
degrees of freedom. A mesh convergence study was conducted to
arrive at this mesh so that the results are insensitive to further
reﬁnement. The explicit central difference method is employed to
integrate the equations of motion in the dynamic analysis
(Zienkiewicz and Taylor, 1989) with a time step size of 2  1010 s
which is sufﬁcient to ensure stability of the numerical solution.
In addition, global energy balance was monitored continuously as
suggested by Belytshko (1983) for non-linear problems. A domain
integral method, proposed by Nakamura et al. (1986), is used to
compute the energy release rate J, after suitable modiﬁcation for ﬁ-
nite deformation. It was found that the values of J computed from
different domains are within 2%. The evolution of J normalized by
(soco) with respect to time is shown in Fig. 2 for dynamic loading
corresponding to Vo ranging from 1 to 4 m/s and m = 0.01. It can
be seen from this ﬁgure that for all the velocities, J/(soco) starts al-
most with zero slope and increases monotonically beyond about
18 ls. Also, the evolution of J/(soco) is faster for higher terminal
velocity. The difference in J evolution history observed in Fig. 2 is
expected to inﬂuence the notch tip ﬁeld. All analyses were carried
out up to J/(soco) = 0.0075. This is because at this stage the notch
opens by displacements greater than 40 lm. From micro-void
growth simulations in ductile single crystals reported recently by
Thakare et al. (2009) and Biswas et al. (2010), it may be deduced
that substantial evolution of ductile fracture processes would have
occurred at this stage over a length scale of at least 100 lm (2.5
times CTOD) in front of the tip.
In order to quantify the loading rate obtained for different Vo, an
average _J has been calculated from:
_Jav ¼ 1ðtf  toÞ
Z tf
to
_JðtÞdt: ð6ÞIn the above, tf is the time taken to achieve J/(soco) = 0.0075 and
to = 18 ls represents the time when J starts to evolve. The values
of average _J for all cases studied in this work are summarized in Ta-
ble 1. It can be seen from this table that for m = 0.01 and a = 0 the
average _J increases by a factor of 1.5 as Vo changes from 2 to 4 m/s.
In order to understand the effect of _J on the strain rate experienced
near the notch tip, the maximum value of plastic slip rate at a dis-
tance of r/(J/so) = 4 from the tip was examined. It was found that
corresponding to m = 0.01, this value is around 1500 s1 for
Vo = 2 m/s and about 4500 s1 for Vo = 4 m/s at J/(soco) = 0.002. The
maximum plastic slip rate at the above normalized distance reduces
by a factor of about 3 irrespective of loading rate when J/(soco) in-
creases to 0.0075.
4. Results and discussion
The results obtained from the analyses will be discussed in this
section. The main focus will be on the effect of loading rate on
notch tip stress ﬁeld and slip activity pertaining to different slip
systems. In the discussion, applied load will be characterized by
the normalized parameter J/(soco). Further, all the results presented
in Sections 4.1, 4.2, 4.3, 4.4 pertain to m = 0.01 and a = 0. The ef-
fects of rate sensitivity and lattice orientation are examined in Sec-
tion 4.5 and 4.6, respectively.
4.1. Radial variation of stress
The radial variation of normalized stress components, r11/so
and r22/so, directly ahead of notch tip corresponding to static
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are presented in Fig. 3(a) and (b) at a ﬁxed value of J/(soco) = 0.002.
In these plots, the radial distance from the tip r is normalized by J/
so. It can be seen from this ﬁgure that the loading rate has a dra-
matic effect on the stress ﬁeld. At a ﬁxed load level, both the stress
components are the highest corresponding to static loading. The
stress values drop under dynamic loading which becomes pro-
nounced as the _J increases. Thus, at a normalized distance of r/(J/
so) = 4, the value of r11 is 4.8so, 2.4so and 1.1so corresponding to
static and dynamic loading with _J ¼ 2:5 104 and 3.7  104 N/
(mm-s), respectively. Similarly, at the same location, r22 attains
values of 7.2so, 5so and 3.7so for the above loading histories. This
clearly indicates that at this load level, the specimen loses con-
straint with increasing loading rate.
The radial variations of both the normalized stress components
are plotted in Fig. 4(a) and (b) at a higher value of J/(soco) = 0.0075.
On comparing Figs. 3 and 4, it can be seen that under static loading,
both the stress components remain unaffected by increase in load
level over a considerable normalized radial distance of 2 6
r/(J/so) 6 10. However, for dynamic loading with _J ¼ 2:5
104 N=ðmm-sÞ, there is an enhancement in r11 and r22 compo-
nents at higher load level. In particular, both components are close
to the static solution. On the other hand, for _J ¼ 3:7
104 N=ðmm-sÞ, while there is also an increase in levels of both
the stress components with increase in J, they still remain well be-
low the static case.
It is important to investigate if the dynamic crack tip ﬁeld in
single crystals can be characterized using two parameters, namely
by J and Q, as in the work of O’Dowd and Shih (1992) and Patil et al.0 2 4 6 8 10
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Fig. 3. Radial variation of normalized stresses ahead of the notch tip for m = 0.01 at
J/(soco) = 0.002: (a) r11/so versus r/(J/so) and (b) r22/so versus r/(J/so).
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2
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Fig. 4. Radial variation of normalized stresses ahead of the notch tip for m = 0.01 at
J/(soco) = 0.0075: (a) r11/so versus r/(J/so) and (b) r22/so versus r/(J/so).(2008b). To this end, a quasi-static boundary layer (small scale
yielding) analysis has been conducted akin to Patil et al. (2008b)
corresponding to T = 0. In this analysis, the material properties
and notch orientation are taken to be the same as in the analysis
of the three point bend fracture specimen. The components of
the difference stress ﬁeld, Q r^ij are computed from:
Qr^ij ¼ rij  ðrijÞT¼0so : ð7Þ
Here, (rij)T=0 represents the reference stress ﬁeld computed from
the quasi-static boundary layer analysis corresponding to T = 0 as
suggested by O’Dowd and Shih (1992).
The difference stress components are plotted as a function of
r/(J/so) ahead of the tip in Fig. 5(a) and (b) at a ﬁxed level of
J/(soco) = 0.002. It can be seen from this ﬁgure that for static loading,
the magnitudes of the difference stress components ahead of notch
tip are almost zero, indicating that the T = 0 solution is sufﬁcient to
characterize the stress ﬁeld. In other words, there is little loss of
constraint at J/(soco) = 0.002 under static loading. On the other
hand, under dynamic loading, both the components of the differ-
ence stress ﬁeld are negative. The magnitudes of these components
increase with _J or loading rate. For example, corresponding to J/
(soco) = 0.002, at a radial distance of r/(J/so) = 4, the value of Qr^22
is 0.22 under static loading, whereas, it becomes 2.0 and 3.26
under dynamic loading with _J ¼ 2:5 104 and 3.7  104 N/(mm-
s), respectively (see Fig. 5(b)). Thus, it is evident from the above
discussion that the single crystal specimen loses constraint under
dynamic loading akin to isotropic solids (Basu and Narasimhan,
2000; Jayadevan et al., 2002a) due to inertial effects. Further, on
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ponents remain fairly constant within the range 2 6 r/(J/so) 6 10.
This implies that the difference stress ﬁeld is a slowly varying func-
tion of distance ahead of the tip. However, on comparing Fig. 5(a)
and (b), it may be noted that the magnitudes of the individual di-
rect components of the difference stress ﬁeld are not quite the
same. This implies that unlike the case of isotropic solids (Basu
and Narasimhan, 2000), the difference stress ﬁeld that develops
due to inertial effects under dynamic loading in ductile single crys-
tals is not truly hydrostatic in nature.
Following Patil et al. (2008b), the hydrostatic part of the differ-
ence ﬁeld Qr^kk=3 evaluated at r/(J/so) = 4 will be referred to as the
constraint parameter Q. Since as noted above, the difference stress
components vary slowly with respect to distance ahead of the tip, a
robust two-parameter (J–Q) characterization of dynamic stationary
crack tip ﬁelds in single crystals is possible. The evolution of Qwith
respect to J/(soco) for different loading rates is shown in Fig. 6. It
can be seen that the J versus Q variation for the static case and dy-
namic loading with _J ¼ 0:7 104 N=ðmm-sÞ are similar with the
latter showing marginally higher Q. In the above two cases, Q re-
mains close to zero throughout the entire loading history which
indicates that the specimen displays high constraint. In other
words, there is no constraint loss occurring due to inertial effects
for the case of _J ¼ 0:7 104 N=ðmm-sÞ. On the other hand, as _J in-
creases, Q becomes more negative, especially during the early
stages of loading, which implies that the specimen progressively
loses constraint with increase in loading rate. However, the curve
pertaining to _J ¼ 2:5 104 N=ðmm-sÞ gradually approaches the
static trajectory as J/(soco) increases. Thus, the specimen regainsconstraint at later stage of loading. While the curves pertaining
to higher _J of 3.4  104 and 3.7  104 N/(mm-s) also bend to the
right as J increases, the specimen shows high negative value of Q
even at J/(soco) = 0.0075. It is likely that with further increase in J,
these curves will also tend towards the trajectory for static loading.
The reason for the dependence of Q on _J as discussed above may
be traced to the inﬂuence of loading rate on the biaxiality ratio
bð¼ T ﬃﬃﬃﬃﬃﬃpap =KÞ during stress wave loading in a corresponding elastic
specimen. Indeed, Jayadevan et al. (2001) reported that b can be
highly negative during early stages of dynamic loading and gradu-
ally tends to the static limit at high K. This leads to large constraint
loss in a ductile single crystal specimen or a diminishing J-domi-
nant region near the notch tip as observed in the present work.
Liu et al. (1998) made a similar observation about decrease in
stress levels near the crack tip in an elastic specimen (with respect
to the K-ﬁeld) and an attendant loss in K-dominance under dy-
namic loading.
In summary, it can be concluded that a TPB single crystal spec-
imen maintains high constraint under static loading irrespective of
load level. When subjected to dynamic loading, the specimen suf-
fers loss of constraint and it becomes more pronounced with in-
crease in loading rate. However, the specimen fully regains the
constraint at higher load level when _J is low. This occurs partially
even when _J is high. The above observation is contrary to isotropic
plastic solids obeying von Mises yield criterion (Biswas and Nara-
simhan, 2002) where a similar TPB specimen was found to progres-
sively lose constraint with increase in load level.4.2. Angular variation of stress
The state of stress along a semi-circular arc of normalized ra-
dius r/(J/so) = 4 which starts directly ahead of the tip and ends at
the notch ﬂank is shown as trajectories in Fig. 7(a) and (b) corre-
sponding to J/(soco) = 0.002 and 0.0075, respectively. Also, dis-
played in these plots is the fully plastic static solution of Rice
(1987) by the thick solid line. As noted by Rice (1987), the state
of stress along the above arc in his solution will follow the hexag-
onal yield locus given by ABCD. Here, the segments AB, BC and CD
represent yielding on slip system S1, S3 and S2, respectively.
It can be seen from Fig. 7(a) that under static loading the stress
trajectory is almost similar to Rice’s solution, except for a segment
EF wherein the stress state lies within the yield locus and therefore
pertains to an elastic sector adjacent to the notch ﬂank. On the
other hand, under dynamic loading corresponding to _J ¼ 2:5
104 N=ðmm-sÞ, a signiﬁcant segment E0F0 lies within the yield locus
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notch ﬂank. Also, a marginal self-similar expansion of the yield lo-
cus can be perceived under dynamic loading due to mild rate sen-
sitivity of the constitutive equation (Eq. (4)). The stress trajectory
pertaining to _J ¼ 2:5 104 N=ðmm-sÞ corroborates well with qua-
si-static solution corresponding to moderate levels of constraint
loss as reported by Patil et al. (2009a). The elastic unloading com-
mences from point E00 on the stress trajectory for dynamic loading
with _J ¼ 3:7 104 N=ðmm-sÞ (see Fig. 7(a)). However, this elastic
sector joins with a plastic sector having a stress state represented
by point F00 (see also quasi-static solution given in Patil et al.
(2009a) pertaining to case with acute constraint loss).
Under static loading, the stress trajectory remains practically
unaltered at higher load level (see Fig. 7(b)). However, the stage
at which elastic unloading commences now virtually coincides
with the vertex D. This corroborates well with the negligible inﬂu-
ence of load level in the static case on the stress distribution when
plotted in normalized radial coordinate (see Figs. 3 and 4 and also
Figs. 8 and 9). Under dynamic loading corresponding to
_J ¼ 2:5 104 N=ðmm-sÞ, elastic unloading commences later in the
stress trajectory and the segment E0F0 is smaller as compared to
lower load level (see Fig. 7(a) and (b)). This implies shrinking of
the elastic sector on the notch ﬂank at higher load level. For the
case of _J ¼ 3:7 104 N=ðmm-sÞ, elastic unloading at higher load le-
vel commences in the stress trajectory at point E00 in Fig. 7(b). How-
ever, as in Fig. 7(a), the stress state on the notch ﬂank as
represented by point F00 pertains to plastic yielding.Angular variations of normalized stress components, r11/so and
r22/so, at r/(J/so) = 4 are shown in Fig. 8(a) and (b) at J/
(soco) = 0.002. Here, the angle h is measured from the positive X1-
axis. The variations pertaining to the static case suggest that the
near-tip ﬁeld comprises of plastic sectors of constant stress which
are separated by boundaries of stress and velocity discontinuities
except close to the notch ﬂank. In particular, r22/so distribution
corresponding to static loading clearly shows discontinuity be-
tween the constant stress sectors at h  50, 90 and 125. The
angular distribution of r11 also shows discontinuities at h  50
and 125. Further, the gradual drop in r11 near notch ﬂank
(h > 150) is due to the presence of an elastic sector as noted in
Fig. 7(a).
It can also be seen from this ﬁgure that loading rate has a strong
effect on the angular stress variation. In particular, it can be seen
that both the stress components drop all around the notch under
dynamic loading which becomes pronounced at high loading rate.
Further, the value of r11/so is positive at the notch ﬂank under sta-
tic loading, whereas, it becomes negative under dynamic loading. It
must be mentioned here that Patil et al. (2008b) also noticed the
change in sign of r11 component on the crack ﬂank from their qua-
si-static boundary layer solution when the T-stress becomes nega-
tive. Further, the discontinuity in r22/so component at the sector
boundary located at h = 90 becomes weak under dynamic loading
with _J ¼ 2:5 104 N=ðmm-sÞ and completely disappears for
_J ¼ 3:7 104 N=ðmm-sÞ.
Similar set of graphs are presented in Fig. 9(a) and (b) at a high-
er load level of J/(soco) = 0.0075. On comparing Figs. 8 and 9(a) and
(b), it can be seen that under static loading, the angular stress
distribution remains invariant of the load level except for r11
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of dynamic loading with _J ¼ 2:5 104 N=ðmm-sÞ, there is an
enhancement in both the stress components at higher load level
of J/(soco) = 0.0075 and they closely match with the static case up
to h  125. The disagreement in the curves pertaining to the static
case and _J ¼ 2:5 104 N=ðmm-sÞ for h > 125 is due to the differ-
ence in the nature of stress states in the elastic sector at the notch
ﬂank (see Fig. 7(b)). Also, in the case of _J ¼ 2:5 104 N=ðmm-sÞ the
appearance of the distinct discontinuity in r22 stress component at
h = 90 should be noted. By contrast, for _J ¼ 3:7 104 N=ðmm-sÞ,
both the stress components remain far below the static solution.
However, even in this case, there is a marginal increase in stress
values at higher load when compared to Fig. 8. The near-tip angu-
lar stress distributions shown in Figs. 8 and 9 corroborate well with
the quasi-static analytical solutions pertaining to different con-
straint levels presented by Patil et al. (2009a). For example, the
variations corresponding to _J ¼ 3:7 104 N=ðmm-sÞ at J/
(soco) = 0.0075 in Fig. 9(a) and (b) agree well with the solution gi-
ven by Patil et al. (2009a) for T/so = 1.5.
The reduction in opening and hydrostatic stress components
ahead of the tip under dynamic loading has important implications
on both ductile and cleavage crack initiation. Indeed, negative Q
can retard void nucleation and growth, thereby slowing down duc-
tile fracture processes ahead of the tip. In this connection, it must
be mentioned that Biswas and Narasimhan (2002) showed that for
isotropic plastic solids, constraint loss under dynamic loading can
cause an increase in the ductile fracture toughness. The results pre-
sented in this section for nearly rate independent material re-
sponse imply that cleavage crack initiation which is expected to
be controlled by the level of opening stress ahead of the tip (Ritchieet al., 1973) will also be impeded under dynamic loading. This is
similar to the observation made by Jayadevan et al. (2002a) for iso-
tropic plastic solids which display negligible rate sensitivity.
4.3. Plastic slip contours
Contours of plastic slip, ci are shown in Fig. 10(a)–(i) for static
case and dynamic cases with _J ¼ 2:5 104 and 3.7  104 N/(mm-
s) at J/(soco) = 0.002. Here, Fig. 10(a)–(c), (d)–(f) and (g)–(i) corre-
sponds to plastic slip on S1, S2 and S3, respectively. Fig. 10(a), (d),
(g) pertains to static loading, while, Fig. 10(b), (e), (h) corresponds
to dynamic loading with _J ¼ 2:5 104 N=ðmm-sÞ and Fig. 10(c), (f),
(i) corresponds to _J ¼ 3:7 104 N=ðmm-sÞ. In these contour plots,
as well as those to be presented subsequently, the notch tip coor-
dinates are normalized by the initial uncracked ligament length co.
Also, in all the sub-plots of Fig. 10, the same contour levels are used
in order to facilitate direct comparison.
It can be seen from Fig. 10(a)-(c) that for all loading cases the
activity on slip system S1 creates an intense slip shear band located
at an angle approximately 50 with the X1-axis. Its radial extent
and intensity increase with loading rate. The growth of the slip
shear band due to activity in S1 in the forward sector (jhj 6 90)
is a characteristic feature of loss in crack tip constraint as has been
noted in previous studies (Patil et al., 2008b; Biswas et al., 2010).
On examining the activity on slip system S2, it can be seen that
it leads to a slip shear band at an angle h  125with the notch line
under static loading (Fig. 10(d)). By contrast, under dynamic load-
ing, it can be perceived from Fig. 10(e) and (f) that the above slip
shear band is absent and, instead, a kink shear band emanates at
h  40 from the notch tip. This band is more pronounced for high-
er _J of 3.7  104 N/(mm-s) (Fig. 10(f)). Similar alteration in activity
on this slip system was noted by Patil et al. (2008b) and Biswas
et al. (2010) when there is increase in constraint loss. Finally, the
activity on slip system S3 creates a kink shear band located at
h = 90 with respect to the notch line under static loading (see
Fig. 10(g)). Under dynamic loading, the radial extent of this band
decreases (compare Fig. 10(h) and (g)) and becomes negligible
when _J ¼ 3:7 104 N=ðmm-sÞ (Fig. 10(i)). Thus, owing to acute
constraint loss under high loading rate, the kink shear band at
h = 90 can completely disappear.
The contours of plastic slip on slip systems S2 and S3 are dis-
played in Fig. 11(a)–(f) corresponding to a higher load level of
J/(soco) = 0.0075. The contours of slip on S1 at higher load level
are similar to Fig. 10(a)–(c) (although they extend to larger radial
distances) and hence are not presented. It can be seen from
Fig. 11(a) that a strong slip shear band has developed at h  125
pertaining to activity of slip system S2 under static loading. A
similar slip shear band may be seen under dynamic loading with
_J ¼ 2:5 104 N=ðmm-sÞ in Fig. 11(b). This contrasts with the situa-
tion corresponding to the lower load level (Fig. 10(e)) where this
band was absent and instead a mild kink shear band was noticed
at h  40. However, the latter persists at higher load level under
dynamic loading with _J ¼ 3:7 104 N=ðmm-sÞ (Fig. 11(c)). On
examining Fig. 11(d)–(e) it can be observed that the kink shear
band at 90 has developed to almost similar extents for the static
case and _J ¼ 2:5 104 N=ðmm-sÞ. The strengthening of this band
for loading history with _J ¼ 2:5 104 N=ðmm-sÞ corroborates with
the occurrence of distinct discontinuity in angular distribution of
r22/so at this angular location when the load level is higher (see
Fig. 9(b)). Furthermore, a comparison of Fig. 11(d) and Fig. 10(g)
shows that under static loading, the kink shear band above the
notch tip has grown in radial extent and also widened at the higher
load level. Interestingly, this band which was almost completely
suppressed for _J ¼ 3:7 104 N=ðmm-sÞ under low load level
(Fig. 10 (i)) can be seen to occur to a perceptible extent at higher
load level (Fig. 11(f)).
Fig. 10. Fringe contours of plastic slip for the primary orientation andm = 0.01 at J/(soco) = 0.002 on slip system S1 (a)–(c), S2 (d)–(f) and S3 (g)–(i). (a), (d), (g) pertain to static
loading, while (b), (e), (h) correspond to dynamic loading with _J ¼ 2:5 104N/(mm-s) and (c), (f), (i) to _J ¼ 3:7 104 N=ðmm-sÞ.
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these results is not feasible at present, since no experimental stud-
ies depicting the effect of loading rate on the shear band patterns
near the tip in single crystals have been reported in the literature.
However, it is possible to make contact with the observations
based on EBSD analysis made by Patil et al. (2008a) and Patil
et al. (2009b) in quasi-statically loaded aluminum single crystal
specimens. For example, Patil et al. (2009b) reported the occur-
rence, growth and widening of lattice rotation bands (i.e., kink
shear bands) at h  90 in a high constraint three point bend spec-
imen of aluminum single crystal through in-situ observations. This
corroborates with the results displayed in Figs. 10(g) and 11(d) for
the static case. Furthermore, Patil et al. (2008a) observed the pres-
ence of kink shear band at h  45 in a low constraint Single Edge
Notch (Tension) specimen from EBSDmaps, in addition to the band
at h  90. Also, they found that the latter is shorter in radial extent
as compared to the former. Noting that the three point bend spec-
imen loses constraint under dynamic loading, the results presented
in Fig. 11(c) and (f) corroborate with the experimental observa-
tions of Patil et al. (2008a).
The contours of maximum principal logarithmic plastic strain,
logðkp1Þ, for static, dynamic loading with _J ¼ 2:5 104 and
3.7  104 N/(mm-s) are shown in Fig. 12(a)–(c) at a ﬁxed load level
of J/(soco) = 0.002. The individual contribution from slip in each slipsystem is clearly reﬂected in these contours. For example, the plas-
tic zone for the static case (Fig. 12(a)) consists of contributions
from the weak slip shear band at h  125 due to activity on S2,
the strong kink shear band at h  90 due to S3 and a strong slip
shear band at h  50 due to S1. It can also be seen from this ﬁgure
that loading rate has a pronounced effect on the shape and size of
the plastic zone. The maximum radial spread in plastic zone in-
creases with loading rate and it also occurs at smaller h. In other
words, the plastic zone spreads more in the forward sector
(jhj 6 90) with increase in loading rate, which is similar to the
observations made by Jayadevan et al. (2002a,b) for isotropic plas-
tic solids obeying the von Mises yield condition.
4.4. Near-tip angular variation of plastic strain
In order to further quantify the slip activity on the three slip
systems, the angular variation of plastic slip at a distance r/(J/
so) = 4 and ﬁxed load level of J/(soco) = 0.002 is shown in
Fig. 13(a)–(c). In the following discussion, the plastic slip on sys-
tems S1, S2 and S3 would be referred as c1, c2 and c3, respectively.
It can be seen from Fig. 13(a) that for all the loading histories,
the angular variation of c1 shows a distinct peak between h  45
to 55 due to formation of the slip shear band noted in the previous
section. However, the magnitude of this peak value increases with
Fig. 11. Fringe contours of plastic slip for the primary orientation and m = 0.01 at J/(soco) = 0.0075 on slip system S2 (a)-(c) and S3 (d)–(f). (a), (d) pertain to static loading,
while (b), (e) correspond to dynamic loading with _J ¼ 2:5 104 N=ðmm-sÞ and (c), (f) to _J ¼ 3:7 104 N=ðmm-sÞ.
Fig. 12. Fringe contours of logðkp1Þ for the primary orientation and m = 0.01 at J/(soco) = 0.002 corresponding to (a) static loading, (b) dynamic loading with
_J ¼ 2:5 104 N=ðmm-sÞ and (c) dynamic loading with _J ¼ 3:7 104 N=ðmm-sÞ.
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responsible for the above enhancement in peak magnitude of c1
as noted by Patil et al. (2008b).
On the other hand, Fig. 13(b) shows that the angular variation of
c2 exhibits peaks at two different locations which depends on the
loading rate. Under static loading, a small peak can be seen at
h  35 and a relatively larger peak located at h  125. The ﬁrst
peak corresponds to a weak kink shear band and the second is
due to a strong slip shear band. With increase in loading rate, the
slip shear band disappears and the kink shear band strengthens
further. Patil et al. (2008b) noted similar behavior on this slip sys-
tem and attributed it to decrease in constraint level under quasi-
static loading. By contrast, angular distribution of c3 shows only
one peak (see Fig. 13(c)). The peak decreases in magnitude with
increase in loading rate and in fact vanishes for _J ¼ 3:7
104 N=ðmm-sÞ. On comparing Fig. 13(a)–(c), it can be perceived
that under dynamic loading dominant slip activity occurs on slip
system S1 and hence the slip shear band at h  50 is the dominant
band. By contrast, under static loading maximum plastic slip
occurs in system S3 which makes the kink shear band at about
90 as the dominant one.
The angular variation of logðkp1Þ at the normalized distance of r/
(J/so) = 4 is presented in Fig. 13(d). This plot corresponds to a load
level J/(soco) = 0.002. It can be seen that the angular variation of
logðkp1Þ depends strongly on the loading rate. The peaks in the
logðkp1Þ distribution are formed in accordance with the occurrence
of maximum slip activity in the three slip systems. Thus, for exam-
ple, under dynamic loading, the maximum value of logðkp1Þ can be
found to occur at an angle h  45 to 55 which corresponds to
the dominant slip shear band formed due to activity of slip system
S1. Further, while only one peak is seen for _J ¼ 3:7 104 N=ðmm-sÞ,
two peaks can be noticed in the logðkp1Þ distribution for the case_J ¼ 2:5 104 N=ðmm-sÞ. On the other hand, under static loading,
although three peaks can be perceived in the angular distribution
of logðkp1Þ, the maximum occurs at h  90 which as noted earlier
is due to a kink shear band.
The angular distributions of plastic slip on S1 and S2 remain
qualitatively similar at higher load level and are omitted from
the discussion. Instead, the angular variations of c3 is presented
for all the loading histories in Fig. 14 at J/(soco) = 0.0075. Compar-
ing Fig. 13(c) and Fig. 14, it can be seen that the c3 distribution vir-
tually remains unaltered at higher load level under static loading.
This corroborates well with the invariant nature of stress ﬁeld with
respect to load for static case as noticed previously. On the con-
trary, under dynamic loading with _J ¼ 2:5 104 N=ðmm-sÞ the
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compared to J/(soco) = 0.002 (see Figs. 13(c) and 14). In fact, the
c3 distribution for this case becomes almost identical to that under
static loading. This can also be inferred from the kink shear band of
similar size and intensity in Fig. 11(d) and (e). Further, comparing
Fig. 13(c) and Fig. 14, little strengthening of the kink shear band
can be perceived from the diffuse peak at 90 corresponding to
_J ¼ 3:7 104 N=ðmm-sÞ.4.5. Effect of strain rate hardening
In order to investigate the combined effect of material rate sen-
sitivity and inertia on the near-tip ﬁeld, similar analyses are con-
ducted with a value of rate sensitivity index m = 0.1. The radial
variations of normalized opening stress r22/so with normalized
distance ahead of the tip for different loading rates are presented
in Fig. 15 corresponsing to J/(soco) = 0.002. Here, the curve labeled
as QS has been generated from quasi-static analysis of the speci-
men corresponding to a low _J ¼ 0:4 104 N=ðmm-sÞ. The complex
interplay between rate sensitivity and material inertia can be per-
ceived in this ﬁgure. Thus, it may be seen that as _J increases from
0.4  104 to 0.8  104 N/(mm-s), the opening stress ahead of the
tip enhances. For example, at r/(J/so) = 4, r22/so increases from
12.2 to 13.4 with above mentioned increase in _J. This enhancement
in opening stress near the tip is attributed to the effect of rate sen-
sitivity. In this connection, it must be noted that the maximum slip
rate at the above normalized distance from the tip increases by a
factor of 3 as _J changes from 0.4  104 to 0.8  104 N/(mm-s). On
the other hand, it may be seen from Fig. 15 that with further in-
crease in _J, the stress level decreases dramatically owing to the role
of material inertia in reducing the crack tip constraint. Thus, for
example at r/(J/so) = 4, r22/so decreases from 13.4 to 10.4 with
change in _J from 0.8  104 to 4.8  104 N/(mm-s). The above re-
sults imply that for a rate dependent single crystal, cleavage crack
initiation will be promoted by increase in _J up to a certain thresh-
old owing to the role of rate sensitivity. On the other hand, with
further increase in _J, it will be impeded due to the effect of material
inertia.
In order to deﬁne the difference stress (or Q) ﬁeld, a suitable ref-
erence solution is needed (see Section 4.1). For a rate dependent
material, the small scale yielding solution generated from a bound-
ary layer analysis with T = 0 would depend on the time variation of
the stress intensity factor. Hence, in this work, the J versus time
history determined from dynamic analysis of the TPB specimen
(for each loading case) was ﬁrst converted into an equivalent K ver-
sus time history (using the relation K ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃEJ=ð1 m2Þp ). It was then0 2 4 6 8 10
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Fig. 15. Radial variation of normalized opening stress r22/so ahead of the notch tip
corresponding to different loading rates at J/(soco) = 0.002 for m = 0.1.applied in a small scale yielding ﬁnite element formulation (with
T = 0) to obtain the reference solution. This reference solution ac-
counts for the elevation in stresses due to high plastic slip rates
experienced near the tip (which were of the order of 103 to
104 s1 in the present analyses). It was found that the difference
stress components determined using such reference solutions
exhibited all the features discussed in Section 4.1 in connection
with Fig. 5.
As before, the hydrostatic part of the difference ﬁeld Q r^kk=3
evaluated at r/(J/so) = 4 is deﬁned as the constraint parameter Q.
The evolution of Qwith respect to J/(soco) for different loading rates
is shown in Fig. 16. It can be seen that the J versus Q variations for
the cases pertaining to _J ¼ 0:4 104 and 0.8  104 N/(mm-s) are
close to each other. For these two cases, Q is almost zero through-
out the entire loading history which indicates that the specimen
displays high constraint. In other words, inertial effects are negligi-
ble for loading rates up to _J ¼ 0:8 104 N=ðmm-sÞ. On the other
hand, as _J increases further, Q becomes more negative, especially
during the early stages of loading, which is similar to the behavior
observed for the nearly rate independent case (m = 0.01). For the
case of moderate _J ¼ 2:6 104 N=ðmm-sÞ, the magnitude of Q
gradually decreases to zero as J/(soco) increases. Thus, the specimen
regains constraint at later stage of loading. While the curves per-
taining to higher _J of 4.0  104 and 4.8  104 N/(mm-s) also bend
slightly to the right as J increases, the specimen shows signiﬁcant
constraint loss even at J/(soco) = 0.0075. On comparing Figs. 6 and
16, it is clear that the effect of _J on the J–Q trajectories are similar,
with higher loading rate promoting constraint loss (due to inertial
effects), irrespective of rate sensitivity index m. However, the con-
straint loss for similar level of _J is somewhat less for the rate sen-
sitive case with m = 0.1 (compare, for example, the curve
pertaining to _J ¼ 2:5 104 N=ðmm-sÞ in Fig. 6 with the curve for
_J ¼ 2:6 104 N=ðmm-sÞ in Fig. 16).4.6. Effect of lattice orientation
In order to verify whether inertia-driven constraint loss occurs
for other lattice orientations, another orientation a = 19.5, corre-
sponding to m = 0.01, is examined in this section. The contours of
logðkp1Þ for static and dynamic loading with _J ¼ 3:7
104 N=ðmm-sÞ are presented in Fig. 17(a) and (b) at J/(soco) = 0.002.
It can be seen from these plots that the contours are not symmetric
about the notch line. For the static case, contours spread both be-
hind the tip and ahead of it. By contrast, under dynamic loading
with high _J, the plastic zones spread in the forward sector−5 −3 −1 1 3
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Fig. 17. Fringe contours of logðkp1Þ for the orientation a = 19.5 at J/(soco) = 0.002 corresponding to (a) static loading, (b) dynamic loading with _J ¼ 3:7 104 N=ðmm-sÞ.
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rate. These features are consistent with the observations made in
Section 4.3 for the primary orientation.
The evolution of the constraint parameter Q with respect to
J/(soco) is presented in Fig. 18. It can be seen that the observations
made in Section 4.1 in connection with Fig. 6 also apply for this ori-
entation. Thus, similar to a = 0 case, dynamic loading causes loss
of constraint for this orientation as well. However, comparing
Figs. 6 and 18, it can be seen that for same _J, the magnitude of con-
straint loss is somewhat higher for this orientation. Thus, at
J/(soco) = 0.002, the value of Q is 3.8 for orientation a = 19.5
corresponding to _J ¼ 3:7 104 N=ðmm-sÞ. By contrast, for the same
_J and load level, Q is 3 for orientation a = 0.
5. Conclusions
In this work, mode I near-tip ﬁeld in a single crystal TPB fracture
specimen under static and dynamic loading has been studied. The
main conclusions from the analyses can be summarized as follows.
	 For nearly rate independent single crystals, inertial effects
strongly inﬂuence the near-tip stress distribution under
dynamic loading. At a given level of J/(soco), both the stress com-
ponents r11 and r22 drop all around the notch tip underdynamic loading when compared with the static case. The
amount of drop increases with loading rate. Under quasi-static
loading conditions, the stress ﬁeld remains unaffected by
applied load level. However, under dynamic loading r11 and
r22 components increase with applied load and gradually tend
towards the static solution.
	 The difference stress components, computed with the quasi-
static boundary layer solution (corresponding to T = 0) as refer-
ence stress ﬁeld, are slowly varying functions of distance ahead
of notch tip over a considerable radial distance of 2 6
r/(J/so) 6 10. However, unlike isotropic solids, the difference
stress ﬁeld is not truly hydrostatic in nature. A constraint
parameterQhas beendeﬁned from thehydrostatic part of the dif-
ference stress ﬁeld. Under static loading, the value of Q remains
close to zero irrespective of load level indicating no loss of con-
straint. On the other hand, Q is highly negative under dynamic
loading during early stages and its magnitude increases with
loading rate. However, as the load parameter J/(soco) increases,
the constraint level in the specimen gradually increases and tends
towards the static limit. This behavior is found to be similar for
both lattice orientations studied in this work.
	 In a rate dependent single crystal, it is found that the stresses
near the tip increase with loading rate up to a certain _J owing
to the role of rate sensitivity. With further increase in _J, the
stresses drop due to inertial effects. It is shown that if a suitable
reference ﬁeld is employed, the J–Q histories for different _J are
qualitatively similar to a rate independent single crystal. In par-
ticular, they reﬂect the role of inertia in diminishing the crack
tip constraint.
	 An elastic sector is perceived from the stress trajectory plots
around the notch tip, which is a characteristic feature of low
constraint (Patil et al., 2009a). This elastic sector plays an
important role under dynamic loading in reducing the stress
levels as well as in inﬂuencing the nature of slip and kink shear
bands around the notch tip.
	 The plastic zone enhances in size and spreads more in the for-
ward sector ahead of the tip (jhj < 90) as loading rate increases.
This is also a characteristic feature of low crack tip constraint
(Patil et al., 2008b, 2011).
	 In a single crystal that shows negligible strain rate sensitivity,
the reduction in the opening stress component r22 ahead of
the tip under dynamic loading can retard the cleavage fracture
mechanism. However, this is countered by enhancement in
stress caused by strain rate sensitivity at low _J when the single
crystal displays pronounced rate sensitivity (or high m). On the
P. Biswas, R. Narasimhan / International Journal of Solids and Structures 48 (2011) 2432–2445 2445other hand, at high _J, inertia driven constraint loss dominates
over the rate sensitivity effects and is expected to enhance
cleavage fracture toughness even for a rate dependent single
crystal. Similarly, the reduction in stress triaxiality at high _J will
delay ductile fracture mechanisms of micro-void growth and
coalescence in single crystals. The effect of constraint loss on
near-tip void growth under quasi-static loading has been stud-
ied recently by Biswas et al. (2010). This study clearly shows
reduced void growth rate when the single crystal fracture
geometry exhibits low constraint levels.
It must be mentioned that the results presented in this work
based on 2D plane strain analysis should be representative of the
stress and plastic strain distributions prevailing near a 3D crack
front in the mid-plane of a single crystal specimen. This has been
demonstrated from quasi-static simulations of a low constraint
Single Edge Notch (Tension) specimen of Al single crystal by Patil
et al. (2008a). However, based on their results (see in particular
Fig. 11 of Patil et al. (2008a)) it may be concluded that the con-
straint loss in the mid-plane of the specimen under dynamic load-
ing would be slightly higher than that obtained here from 2D plane
strain computations.
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